Introduction {#s1}
============

DNA methylation is an epigenetic mechanism that regulates several aspects of gene expression, such as long-term gene silencing, transcriptional elongation, and maintenance of genomic stability ([@bib3]; [@bib5]; [@bib50]). It is found throughout the vertebrate genome and is deposited by DNA methyltransferases on the fifth position of cytosine (5-mC), predominantly at CpG dinucleotides. The role of DNA methylation in establishing different cell fates during embryogenesis is fairly well understood. However, if and how DNA methylation is necessary to stably maintain the identity of adult stem cells, and how this process is disrupted during oncogenic transformation, is under intense investigation ([@bib56]).

Three DNA methyltransferases are encoded in the vertebrate genome. Dnmt1 is predominantly associated with the maintenance of DNA methylation following cell division due to its high affinity for hemimethylated DNA. Consequently, depletion of Dnmt1 leads to a significant reduction of the global levels of 5-mC ([@bib34]; [@bib31]). Dnmt3a and Dnmt3b are de novo DNA methyltransferases that establish genome-wide DNA methylation during mammalian embryogenesis and adult stem cell homeostasis ([@bib47]). In mouse embryonic stem cells, the combined loss of Dnmt3a and Dnmt3b leads to the progressive loss of DNA methylation, suggesting that these enzymes are additionally involved in maintaining 5-mC levels ([@bib14]).

Since Dnmt3a-null mice die perinatally, and ablation of Dnmt1 and Dnmt3b results in embryonic lethality, conditional deletion mouse models have been necessary to study their functions in adulthood ([@bib64]; [@bib47]). Hematopoietic stem cells (HSCs) lacking Dnmt3a cannot differentiate correctly upon serial transplantation, and end up developing a range of severe myeloid and lymphoid malignancies in aged animals ([@bib11]; [@bib42]). Conversely, HSCs-depleted of Dnmt3b show no phenotypical differences with respect to wild-type controls, whereas combined ablation of Dnmt3a and Dnmt3b in HSCs result in an enhanced block of hematopoietic differentiation as compared to Dnmt3a loss alone ([@bib12]). Interestingly, the observed phenotype seems specific to stem cells, as the fully differentiated cardiac myocytes carrying a combined deletion of Dnmt3a and Dnmt3b are indistinguishable from wild-type controls ([@bib46]). Similarly, to HSCs, purified murine neural stem cells (SCs) lacking Dnmt3a do not show problems with self-renewal but fail to differentiate properly ([@bib68]). In addition, Dnmt3a acts as a potent tumor suppressor in lung tumorigenesis, to promote adenoma progression but not initiation, downstream of oncogenic K-Ras ([@bib21]). This is in contrast with the pro-tumorigenic activity of Dnmt3b, which at least in the murine intestinal epithelium cooperates with the loss of APC to drive adenoma initiation and growth ([@bib60]; [@bib38])

Recently, progress has been made in identifying the molecular mechanisms underlying the biological functions of Dnmt3a and Dnmt3b by studying their genome-wide localization. For instance, Dnmt3b associates with and methylates the gene bodies of actively transcribed genes in murine embryonic SCs and human embryonic carcinoma cells ([@bib6]; [@bib26]; [@bib44]). Likewise, it has been proposed that gene body methylation is responsible of most of the transcriptional changes underlying the ability of Dnmt3a to promote neural SCs differentiation, and in protecting the lung epithelium from tumor progression ([@bib68]; [@bib21]).

We have recently reported that Dnmt3a and Dnmt3b are required for the self-renewal of human keratinocyte progenitors, whereas Dnmt3a is also required for their proper differentiation ([@bib51]). Mechanistically, Dnmt3a and Dnmt3b bind to and promote the activity of enhancers in both human epidermal progenitors and differentiated keratinocytes (although Dnmt3a having a stronger affinity for enhancers in differentiated keratinocytes). Interestingly, both proteins preferentially associate to super-enhancers rather than typical enhancers. Nonetheless, they differ in their mechanism of action, since Dnmt3a (together with Tet2) is essential to maintain high levels of 5-hydroxymethylcytosine (5-hmC) at the center of its target enhancers, while Dnmt3b promotes 5-mC along the body of the enhancer. These regulatory regions dictate the transcription of essential genes necessary for epidermal stem cell identity and maintenance, such as *FOS, ITGA6, TP63,* and *KRT5*. Similar to its role in mouse ES cells, Dnmt3b also binds to and methylates the gene bodies of these genes to reinforce their expression ([@bib51]). Dnmt3a also associates to the enhancers regulating the expression of genes such as IVL, LOR, FLG2, and KRT1 which drive the differentiation of SCs into mature keratinocytes ([@bib51]). Interestingly, DNA methylation at active enhancers has also been recently reported in normal and cancer-derived human colon, mammary and prostate epithelial cells ([@bib13]).

However, to date, no in vivo studies have investigated the roles of Dnmt3a and Dnmt3b in adult epidermal function and malignant transformation. Using mouse models carrying an epidermis-specific ablation of either Dnmt3a or Dnmt3b, or both, we demonstrate that Dnmt3a and Dnmt3b are dispensable for skin homeostasis. However, Dnmt3a has a critical role in suppressing carcinogen-induced squamous tumor initiation, but not progression, while both Dnmt3a and Dnmt3b concertedly prevent tumor progression.

Results {#s2}
=======

Epidermal deletion of Dnmt3a does not affect steady-state tissue homeostasis but significantly promotes carcinogen-induced tumorigenesis {#s2-1}
----------------------------------------------------------------------------------------------------------------------------------------

We first studied the pattern of expression of Dnmt3a and Dnmt3b during epidermal development, and in adulthood. At E14.5, Dnmt3a was expressed in the entire Keratin-14+ compartment comprising the basal layer of the embryonic epidermis and the hair placodes ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). At P0, all Keratin-14+ basal cells were positive for Dnmt3a with the exception of the highly proliferative hair follicle bulb cells ([Figure 1---figure supplement 1A--B](#fig1s1){ref-type="fig"}). By the time animals reached adulthood, Dnmt3a levels remained high in the hair follicle bulge where most hair follicle stem cells reside ([@bib59]), and decreased in the interfollicular epidermis, although some basal IFE cells expressed high levels ([Figure 1---figure supplement 1A--D](#fig1s1){ref-type="fig"}). On the other hand, we were not capable of detecting Dnmt3b by immunofluorescence staining in sections of developing or adult mouse epidermis (not shown), suggesting that Dnmt3b is expressed at low levels ([@bib12]). In fact, RNA-seq data confirmed that Dnmt3a was enriched almost fivefold as compared to Dnmt3b in adult basal IFE keratinocytes ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). However, Dnmt1, the main DNA methyltransferase, was the most abundant DNA methyltransferase, both in interfollicular epidermis and in hair follicle bulge cells ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}).

To gain insight to the roles of Dnmt3a and Dnmt3b in epidermal tissue function, we generated epidermis-specific conditional knockout (cKO) mice by crossing animals containing the *Dnmt3a* or *Dnmt3b* gene flanked by loxP sites with animals carrying the *Keratin14-CRE-ROSA26*-YFP-cassette (hereafter referred to as Dnmt3a/3b-cKO) ([@bib21]). Surprisingly, neither Dnmt3a- nor Dnmt3b-cKO displayed noteworthy epidermal phenotypical differences as compared to their wild-type littermates at different postnatal ages ([Figure 1---figure supplement 1D--E](#fig1s1){ref-type="fig"} and [Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}). Likewise, despite its strong expression in hair follicle stem cells, the loss of Dnmt3a did not result in evident changes in hair follicle cycling and pelage growth ([Figure 1---figure supplement 1E--F](#fig1s1){ref-type="fig"}).

Deregulation of DNA methylation can alter gene expression, leading to tumor suppressor silencing or oncogene activation ([@bib67]), and mutation/deregulation of Dnmt3a and Dnmt3b has been observed in several tumor types ([@bib32]; [@bib61]). Recently, Dnmt3a has attracted much attention, as it is one of the most frequently mutated genes in cancer ([@bib28]), especially in acute myeloid leukemia ([@bib22]; [@bib33]). In fact, a loss-of-function mutation of Dnmt3a is one of the earliest mutations that occurs in human acute myeloid leukemia ([@bib58]). Importantly, these mutations are functional since knock-in mice that model it develop a range of severe myeloid and lymphoid malignancies ([@bib11]; [@bib42]). In addition, HSCs harboring inactivating mutations of Dnmt3a are clonally selected in ageing humans ([@bib58]). However, much less is known about how deregulation of Dnmt3a and Dnmt3b affect tumorigenesis in epithelial tissues.

To elucidate the roles of Dnmt3a and Dnm3b in skin tumorigenesis, we first generated tumors from the epidermis using the chemically induced carcinogenesis protocol based on DMBA/TPA ([@bib18]). The first epidermal squamous malignancies appeared significantly sooner in Dnmt3a-cKO than in their wild-type littermates, after only 2 months from the first DMBA treatment, indicating that Dnmt3a acts as a barrier against tumor initiation ([Figure 1A,B](#fig1){ref-type="fig"}). Dnmt3a-cKO animals also showed a significant increase in tumor burden, with an average of 17 tumors per animal compared to three tumors per wild-type animal after 6 months of initiating the experiment ([Figure 1C](#fig1){ref-type="fig"} and [Figure 1---source data 1](#SD1-data){ref-type="supplementary-material"}).10.7554/eLife.21697.003Figure 1.Dnmt3a loss shortens the onset of carcinogen-induced skin neoplasia, and increases tumor burden.(**A**) Representative pictures of wild-type and Dnmt3a-cKO animals after 5 months of treatment with DMBA/TPA. Graph in panel A represents the percentage of animals WT (n = 6) or Dnmt3a-cKO (n = 6) that entered into anagen after 2 weeks of treatment of DMBA/TPA, p=0.02, Chi-Square test. (**B**) Time of appearance, expressed in percentages of skin tumors on wild-type or Dnmt3a-cKO animals, p=0.005. (**C**) Number of skin tumors after 3 or 6 months of DMBA/TPA treatment, p=0.001 and p=0.0007. (**D**) Representative images (hematoxylin/eosin staining) of different subtypes of skin tumors. (**E**) Histopathological analysis of the different subsets of skin tumors that appeared after DMBA/TPA treatment of wild-type or Dnmt3a-cKO animals.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.003](10.7554/eLife.21697.003)10.7554/eLife.21697.004Figure 1---source data 1.Data related to [Figure 1B](#fig1){ref-type="fig"} and [Figure 1C](#fig1){ref-type="fig"}.Data showing the days from the DMBA/TPA treatment to the appearance of the first tumors in each wild type and Dnmt3a-cKO mouse ([Figure 1B](#fig1){ref-type="fig"}). Data showing the number of tumors counted on the backskin of the wild type and Dnmt3a-cKO after three or 6 months of DMBA/TPA treatment.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.004](10.7554/eLife.21697.004)10.7554/eLife.21697.005Figure 1---figure supplement 1.Dnmt3a is highly expressed in the basal cells of the interfollicular epidermis (IFE), and in the bulge of hair follicles in young mice.(**A--B**) Immunofluorescence staining for Dnmt3a, Keratin 14 and Nuclei of wild type back skin (**A**) and tail skin (**B**) isolated at different ages. (**C**) Fpkm values of the Dnmts from RNA-seq data performed in wild type interfollicular epidermal stem cells (IFE, n = 4) and hair follicle stem cells (Bulge, n = 3) FACS sorted after 6 weeks of DMBA/TPA treatment (**D**) Immunofluorescence staining for Dnmt3a and keratin 14 of the back skin from wild-type or Dnmt3a-cKO animals. (**E**) Representative images (hematoxylin/eosin staining) of the back skin from wild-type and Dnmt3a-cKO littermates at different ages. (**F**) Representative Images of one wild type and one Dnmt3a-cKO littermate (both females) age of five weeks.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.005](10.7554/eLife.21697.005)

Although Dnmt3a-cKO animals showed a strong increase in tumor initiation and burden, they developed the same percentage of squamous cell carcinomas than wild-type mice ([Figure 1D,E](#fig1){ref-type="fig"}). Indeed, a detailed histological analysis of the tumors collected from Dnmt3a-cKO and wild-type animals indicated that Dnmt3a-cKO mice developed the same percentage of benign tumors, such as keratoacanthomas and papillomas, as well as of malignant invasive papillomas and squamous cell carcinomas (SCCs) ([Figure 1E](#fig1){ref-type="fig"}). Dnmt3a-cKO mice only developed an increase in the percentage of sebaceous adenomas ([Figure 1E](#fig1){ref-type="fig"}). No metastases were scored in any of the animals, as expected using this protocol in mice with a C57/Bl6 genetic background ([@bib62]). Altogether, these results indicate that loss of Dnmt3a dramatically increases initiation of epidermal squamous tumors without affecting their malignant progression, and slightly skews the histology of tumors towards the sebaceous lineage.

Deletion of Dnmt3b does not increase tumor initiation, but synergizes with loss of Dnmt3a to promote tumor progression and metastasis {#s2-2}
-------------------------------------------------------------------------------------------------------------------------------------

Dnmt3a suppresses K-Ras-driven lung tumor progression, whereas Dnmt3b is pro-tumorigenic in APC-deficient colorectal adenomas ([@bib21]; [@bib38]). Hence, we next tested whether Dnmt3a and Dnmt3b also exert opposing effects regarding tumorigenesis in the epidermis. Interestingly, there were no differences between wild-type and Dnmt3b-cKO mice with respect to either the timing of tumor initiation or tumor burden upon treatment with DMBA/TPA ([Figure 2A](#fig2){ref-type="fig"}-right panel). There were no significant changes in the histological appearance of the tumors, or the number of basal cells proliferating or undergoing apoptosis, between Dnmt3b-cKO and the wild-type controls ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"} and [Figure 2---figure supplement 3A--B](#fig2s3){ref-type="fig"}).10.7554/eLife.21697.006Figure 2.Dnmt3a and Dnmt3b double cKO animals develop more aggressive tumors than wild-type, Dnmt3a-cKO and Dnmt3b-cKO mice.(**A**) Left, representative images (hematoxylin/eosin staining) of skin tumors isolated from wild type and Dnmt3b-cKO littermates after 6 months of DMBA/TPA treatment. Right, time of appearance of tumors shown as percentages in wild-type and Dnmt3b-cKO animals, and number of skin tumors after 3 or 6 months of DMBA/TPA treatment. (**B**) Left, representative images (hematoxylin/eosin staining) of skin tumors isolated from wild type and Dnmt3a/Dnmt3b DcKO littermates after 6 months of DMBA/TPA treatment. Right, time of appearance of tumors represented as percentages in wild-type and Dnmt3a/Dnmt3b DcKO animals, and number of skin tumors after 3 or 6 months of treatment with DMBA/TPA. (**C--D**) Number of tumors (left) and time of appearance (right) expressed as percentages, in wild type, Dnmt3a-cKO and DcKO animals after 6 months of DMBA/TPA treatment. (**E**) Histopathological analysis of the different subsets of skin tumors that appeared after DMBA/TPA treatment of wild type or DcKO animals. (**F**) Representative images of metastatic nodules identified only in a percentage (33%) of the lungs of DcKO animals, scale bar = 100 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.006](10.7554/eLife.21697.006)10.7554/eLife.21697.007Figure 2---figure supplement 1.Deletion of Dnmt3b does not affect epidermal and hair follicle homeostasis.Representative images (hematoxylin/eosin staining) of back skin and tail skin from wild type and Dnmt3b-cKO littermates at different ages.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.007](10.7554/eLife.21697.007)10.7554/eLife.21697.008Figure 2---figure supplement 2.Dnmt3b-KO and wild-type skin tumors are histologically indistinguishable.Representative images (hematoxylin/eosin staining) of different skin tumors isolated from wild type and Dnmt3b-cKO after 6 months of DMBA/TPA treatment.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.008](10.7554/eLife.21697.008)10.7554/eLife.21697.009Figure 2---figure supplement 3.Dnmt3b-KO tumors do not show changes in proliferation or apoptosis compared to their wild-type counterparts.(**A**) Left- Representative images of immunohistochemistry staining against the cell proliferation marker KI67 in skin tumors isolated from wild type and Dnmt3b-cKO after 6 months of DMBA/TPA treatment. Right- Quantification of KI67 staining in wild type (n = 5) and Dnmt3b-KO (n = 5) skin tumors using the TMarker software. (**B**) Left-Representative images of TUNEL staining to detect apoptosis in skin tumors isolated from wild type and Dnmt3b-cKO after 6 months of DMBA/TPA treatment. Right-Quantification of Tunel staining in wild type (n = 5) and Dnmt3b-KO (n = 5) skin tumors using the TMarker software. Unpaired T-Test was used for statistics.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.009](10.7554/eLife.21697.009)10.7554/eLife.21697.010Figure 2---figure supplement 4.The combined deletion of Dnmt3a and Dnmt3b does not affect epidermal homeostasis.(**A**) Representative images (hematoxylin/eosin staining) of back skin and tail skin from adult and aged wild type and DcKO littermates. (**B**) Immunofluorescence staining for 5-methylcytosine and Keratin 14 in aged (over 70 weeks old) wild type and DcKO littermates.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.010](10.7554/eLife.21697.010)10.7554/eLife.21697.011Figure 2---figure supplement 5.Squamous cell carcinomas in Dnmt3a/Dnmt3b double KO mice express lower levels of epithelial markers compared to wilt-type tumors.(**A**) Representative confocal images for E-Cadherin, Keratin 14 and DAPI in wild type, single Dnmt3a KO and double Dnmt3a/Dnmt3b KO squamous cell carcinomas. (**B**) Representative confocal images for Vimentin, Keratin 14 and DAPI in wild type, single Dnmt3a-cKO and double Dnmt3a/Dnmt3b cKO squamous cell carcinomas.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.011](10.7554/eLife.21697.011)10.7554/eLife.21697.012Figure 2---figure supplement 6.The combined deletion of Dnmt3a and Dnmt3b favors the development of skin tumors with features of spindle cell carcinomas.(**A--B**) Hematoxylin/eosin staining and confocal images of two different spindle cell carcinomas developed in two DcKO animals. Representative images of immunofluorescence staining to detect the expression of Vimentin, YFP and Keratin14. (**C**) Hematoxylin/eosin staining and confocal images of the stroma of a squamous cell carcinoma developed by a wild-type animal showing the absence of expression of Vimentin in the epithelial compartment of the tumor. Immunofluorescence staining shown correspond to Vimentin (green), YFP (grey), and Keratin14 (red).**DOI:** [http://dx.doi.org/10.7554/eLife.21697.012](10.7554/eLife.21697.012)

To assess whether Dnmt3a and Dnmt3b potentially play redundant roles during tumorigenesis, we also induced tumors using the DMBA/TPA protocol in animals carrying an epidermis-specific deletion for both Dnmt3a and Dnmt3b in combination (DcKO). Strikingly, although DcKO animals had a severe depletion of DNA methylation in their epidermises, they formed a morphologically normal skin with all its appendages and did not develop any epidermal abnormality even up to 70 weeks of age ([Figure 2---figure supplement 4A--B](#fig2s4){ref-type="fig"}). This strongly suggests that de novo DNA methylation is dispensable for the long-term homeostasis of undamaged epidermis. However, when subjected to tumorigenesis, DcKO animals displayed a significantly shortened latency and significant higher tumor burden than wild-type mice ([Figure 2B--F](#fig2){ref-type="fig"}). Although these differences were similar to the ones observed in single Dnmt3a-cKO mice ([Figure 2C--D](#fig2){ref-type="fig"}), DcKO mice formed aggressive squamous cell carcinomas at a higher frequency as compared to the single cKOs of Dnmt3a or Dnmt3b ([Figure 2E](#fig2){ref-type="fig"}). In addition, metastatic nodules in the lungs were observed in 30% of DcKO animals, but in none of the wild-type, Dnmt3a-cKO, or Dnmt3b-cKO animals ([Figure 2F](#fig2){ref-type="fig"}). Recent reports show that epidermal squamous cell carcinomas that harbor cells undergoing epithelial to mesenchymal transitions are more metastatic than those that remain predominantly epithelial in nature ([@bib30]; [@bib17]). Interestingly, DcKO tumors contained large areas with spindle-shaped cells that expressed lower levels of the epithelial markers E-Cadherin and Keratin14, compared to the wild type and to Dnmt3a-cKO tumors ([Figure 2E](#fig2){ref-type="fig"}, and [Figure 2---figure supplement 5](#fig2s5){ref-type="fig"}). These cells also expressed the mesenchymal marker Vimentin ([Figure 2---figure supplement 6A--C](#fig2s6){ref-type="fig"}). Importantly, these cells that had undergone a mesenchymal transition were still YFP+, thus deriving from the K14+ origin of the tumor ([Figure 2---figure supplement 6](#fig2s6){ref-type="fig"}).

Taken together, these results indicate that Dnmt3a and Dnmt3b are dispensable for epidermal homeostasis, and that Dnmt3a, but not Dnmt3b, suppresses skin squamous tumor initiation. However, both Dnmt3a and Dnmt3b repress the malignant transformation of epidermal cells into aggressive squamous cell carcinomas.

Deletion of Dnmt3a results in increased tumor transcriptome heterogeneity and upregulation of genes related to lipid metabolism {#s2-3}
-------------------------------------------------------------------------------------------------------------------------------

We next wanted to characterize the molecular mechanisms that might underlie the tumor-suppressive function of Dnmt3a in the epidermis. To this end, we isolated by FACS-based cell sorting the basal integrin α6^bright^ tumor cells from four wild-type and eight Dnmt3a-cKO tumors, and performed whole-genome transcriptome profiling by RNA-seq ([Figure 3A](#fig3){ref-type="fig"}). It is important to note that our mouse pathologists scored these tumors as squamous cell carcinomas (SCCs), and that ADFP (Perilipin-2) expressing sebaceous adenomas were not included in this transcriptome study ([Figure 3---figure supplement 1A--C](#fig3s1){ref-type="fig"}).10.7554/eLife.21697.013Figure 3.Deletion of Dnmt3a results in increased tumor heterogeneity, and upregulation of genes related to lipid metabolism.(**A**) Schematic representation of FACS sorting strategy to isolate both RNA and DNA from Itga6^pos^ cells within the tumors. (**B**) Heatmaps representing gene expression (rlog transformed values) of the 391 differentially expressed genes between wild type and Dnmt3a-cKO sorted tumor cells. (**C**) Two-dimensional principal-component analysis (PCA) of RNA-seq samples from wild-type (n = 4) and Dnmt3a-cKO (n = 8) Itga6^bright^ sorted tumor cells. (**D**) Gene ontology analysis using Genomatix Online Software of the 114 downregulated and 277 upregulated genes in Dnmt3a-cKO tumors, divided by biological processes and over-represented signal transduction pathways. (**E**) Immunofluorescence staining for Krt14 and PPAR-γ of skin tumors from wildtype and Dnmt3a-cKO animals.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.013](10.7554/eLife.21697.013)10.7554/eLife.21697.014Figure 3---figure supplement 1.RNA samples submitted for sequencing were obtained from tumors scored predominantly as squamous cell carcinomas in wild-type and Dnmt3a-cKO mice.(**A**) Hematoxylin/eosin staining from the four wild-type tumors used for RNA-seq. (**B**) Hematoxylin/eosin staining from the eight Dnmt3a-cKO tumors analyzed for RNA-seq. In A and B, immunofluorescence staining shown correspond to DAPI, ADFP (to ensure that no sebaceous adenomas were collected), and Krt14. (**C**) Representative hematoxylin/eosin staining and immunofluorescence of DAPI, ADFP and Krt14, of sebaceous adenomas eliminated from the RNA-seq study. Scale bar is 100 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.014](10.7554/eLife.21697.014)10.7554/eLife.21697.015Figure 3---figure supplement 2.Loss of Dnmt3a results in a reduction of apoptosis in skin tumors.(**A**) Representative images for TUNEL staining to detect apoptotic cells in skin tumors isolated from wild type and Dnmt3a-cKO animals. The right graph shows the quantification of the Tunel staining in wild type (n = 12) and Dnmt3a-cKO (n = 17) tumors. (**B**) Representative images for active Caspase-3 staining to visualize apoptotic cells in skin tumors isolated from wild-type and Dnmt3a-cKO animals. The right panel shows the quantification of the staining in wild-type (n = 6) and Dnmt3a-cKO (n = 6) tumors. Scale bar is 100 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.015](10.7554/eLife.21697.015)10.7554/eLife.21697.016Figure 3---figure supplement 2---Source Data 1.Data related to [Figure 3---figure supplement 2A--B](#fig3s1){ref-type="fig"}.Number of apoptotic cells (expressed in percentage of TUNEL or CASPASE-3 positive cells/DAPI positive cells) in wild-type and Dnmt3a-cKO tumors.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.016](10.7554/eLife.21697.016)10.7554/eLife.21697.017Figure 3---figure supplement 3.DMBA/TPA treatment induces an increase in cellular cell proliferation in Dnmt3a-cKO animals.(**A**) Representative images of KI67 staining in treated or untreated back skin, and in skin tumors, of Dnmt3a-cKO and wild-type littermates. (**B**) Quantification of KI67 staining using the TMarker software, showing the percentages of KI67-positive cells in the different conditions studied and normalized to the proliferation in the interfollicular epidermis of wild-type mice. Scale bar is 100 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.017](10.7554/eLife.21697.017)10.7554/eLife.21697.018Figure 3---figure supplement 4.Dnmt3a-KO tumors express high levels of PPAR-γ.(**A**) CPM (Count per Million Read) values of the mRNA encoding for PPAR-γ obtained from the RNA-sequencing of the 12 tumors studied. (**B**) Representative immunofluorescence staining for DAPI, PPAR-γ and Krt14 in all the 12 tumors used for the RNA-sequencing experiment. Scale bar is 100 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.018](10.7554/eLife.21697.018)10.7554/eLife.21697.019Figure 3---figure supplement 4---Source Data 1.Data related to [Figure 3---figure supplement 4B](#fig3s4){ref-type="fig"}.Number of proliferative cells (expressed as the percentage of KI67+/all nuclei) in the untreated epidermis, DMBA-treated epidermis, and in the tumors, from wild-type and Dnmt3a-cKO mice.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.019](10.7554/eLife.21697.019)

The PCA analysis of the RNA-seq samples showed that the four wild-type tumors clustered together, indicating that overall their transcriptomes were defined by common genes ([Figure 3B,C](#fig3){ref-type="fig"}). In contrast, the transcriptomes of Dnmt3a-cKO tumors were substantially more heterogeneous, suggesting that the loss of Dnmt3a could result in the deregulation of numerous different pathways in cancer cells, or that in the context of Dnmt3a loss, different cell of origins (i.e. basal IFE cells, hair follicle stem cells, or Lrig+ stem cells) might be more prone to generate more transcriptionally divergent tumors. Nevertheless, 391 genes were consistently differentially expressed between wild-type and Dnmt3a-cKO tumors, of which 114 were downregulated and 277 were upregulated in the latter ([Supplementary file 1](#SD7-data){ref-type="supplementary-material"}). The downregulated genes were mainly associated with apoptosis, suggesting that loss of Dnmt3a promotes cell survival and protects against programmed cell death ([Figure 3D](#fig3){ref-type="fig"}); consequently, TUNEL and active Caspase3 staining confirmed that Dnmt3a-cKO tumors had fewer apoptotic cells as compared to wild-type tumors ([Figure 3---figure supplement 2A--B](#fig3s2){ref-type="fig"} and [Figure 3---figure supplement 2---Source data 1](#SD2-data){ref-type="supplementary-material"}). Dnmt3a-cKO tumors also expressed higher levels of several genes involved in cell proliferation ([Figure 3D](#fig3){ref-type="fig"}). Interestingly, proliferation was only significantly increased in pre-cancerous DMBA/TPA-treated Dnmt3a-cKO epidermis ([Figure 3---figure supplement 3A--B](#fig3s3){ref-type="fig"}), while no differences in proliferation were evident between the homeostatic epidermis and tumors of wild-type and Dnmt3a-cKO mice ([Figure 3---figure supplement 3A--B](#fig3s3){ref-type="fig"}). Altogether, this suggests that the loss of Dnmt3a endows pre-cancerous mutant basal cells with a survival and proliferative advantage, which could account for the increased number of tumors these mice develop. However, once tumors are formed, they progress with the same kinetics as wild-type tumors ([Figure 3---figure supplement 3C](#fig3s3){ref-type="fig"} and [Figure 3---figure supplement 4---Source data 1](#SD3-data){ref-type="supplementary-material"}).

Gene ontology (GO) analysis of the 277 genes that were upregulated in Dnmt3a-cKO basal tumor cells highlighted two principal pathways that were over-represented in all eight Dnmt3a-cKO tumors: Wnt signaling (including ligands and receptors), and more predominantly, lipid metabolism ([Figure 3D](#fig3){ref-type="fig"}). Interestingly, recent reports have associated an increase in lipid metabolism with increased tumorigenesis of chronic myeloid leukemia, as well as colorectal, liver, oral, and breast cancer ([@bib8]; [@bib41]; [@bib10]; [@bib70]; [@bib16]; [@bib53]; [@bib48]; [@bib65]; [@bib7]; [@bib40]). A number of genes associated with fatty acid and lipid metabolism were upregulated in Dnmt3a-cKO tumors ([Figure 3D](#fig3){ref-type="fig"}, [Supplementary file 1](#SD7-data){ref-type="supplementary-material"}). Among these, the most upregulated ones encoded the key pro-adipogenic transcription factors PPAR-α and PPAR-γ, which promote adipocyte differentiation and the expression of genes involved in fatty acid metabolism, and which are not expressed in homeostatic epidermal cells ([@bib19]). The role of these transcription factors in cancer is still poorly understood, although they tend to be upregulated in many types of human tumors ([@bib19]). Importantly, PPAR-γ was upregulated at the RNA and protein levels in all the Dnmt3a-cKO sequenced tumors ([Figure 3E](#fig3){ref-type="fig"} and [Figure 3---figure supplement 4A--B](#fig3s4){ref-type="fig"}). Interestingly, the expression of PPAR-γ has been extensively reported to be under epigenetic control by repressive mechanisms such as H3K9 methylation and DNA methylation ([@bib66]; [@bib72]).

To further dissect the early molecular changes that might result in the tumor-suppressing role of Dnmt3a in the epidermis, we did a short (6-week long) DMBA/TPA carcinogenesis treatment ([Figure 4A](#fig4){ref-type="fig"}). We then FACS-isolated Itga6^bright^CD34^neg^ cells, consisting mostly of epidermal basal cells (IFE), and hair follicle stem cells (Bulge; Itga6^bright^CD34^pos^) from pre-cancerous back skin of wild-type or Dnmt3a-cKO animals for RNA-seq analysis ([Supplementary file 2](#SD8-data){ref-type="supplementary-material"}). After this short DMBA/TPA treatment, most of the upregulated genes in epidermal cells (IFE) were already predominantly linked to lipid metabolism and cell proliferation, whereas they related mostly to cell *proliferation*, and *Wnt signaling* in bulge stem cells ([Figure 4---figure supplement 1A--B](#fig4s1){ref-type="fig"}). Interestingly, we did not observe a diminished expression of genes regulating apoptosis, as we did in tumor cells. Hence, these results suggest that most of the transcriptome changes observed in tumors upon deletion of Dnmt3a occur early, and that the transition from the pre-cancerous epithelium to tumor growth occurs subsequently by bypassing apoptosis.10.7554/eLife.21697.020Figure 4.Dnmt3a binds a subset of enhancers in tumor cells.(**A**) Schematic representation of a short treatment of DMBA/TPA in wild-type and Dnmt3a-cKO animals. (**B**) Genomic localizations of Dnmt3a determined by ChIP-seq of Dnmt3a in epidermal cells isolated from wild-type animals after 6 weeks of DMBA/TPA treatment. (**C**) Gene ontology analysis of the 363 H3K27ac-enriched regions (located at least 4 kb away from the TSS) also bound by Dnmt3a in isolated epidermis from wild-type animals after 6 weeks of DMBA/TPA. (**D**) Screenshot of enhancers bound by Dnmt3a in DMBA/TPA-treated skin in the *FOS* locus. All tracks are normalized to the number of mapped reads.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.020](10.7554/eLife.21697.020)10.7554/eLife.21697.021Figure 4---figure supplement 1.Deletion of Dnmt3a alters the expression of genes involved in proliferation, lipid metabolism, epidermal differentiation, and Wnt signaling, after 6 weeks of DMBA/TPA treatment.(**A**) Left panel, heatmaps representing gene expression (rlog transformed values) of the 498 genes in sorted bulge hair follicle stem cells (Bulge) (Itga6^bright^/CD34^pos^) that were differentially expressed between wild-type (n = 3) and Dnmt3a-cKO (n = 3). Right panel, gene ontology analysis of the 498 differentially expressed genes up- or downregulated in Dnmt3a-cKO mice as compared to their wild-type littermates. (**B**) Left panel, heatmaps representing gene expression (rlog transformed values) of the 188 differential expressed genes between wild type (n = 4) and Dnmt3a-cKO (n = 4) sorted interfollicular epidermal (IFE) basal cells (Itga6^bright^/CD34^neg^). Right panel, gene ontology analysis of the 188 differentially expressed genes that were up- or downregulated in Dnmt3a-cKO mice as compared to their wild-type littermates.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.021](10.7554/eLife.21697.021)

Dnmt3a binds to enhancers of epidermal differentiation genes that are DNA methylated and hydroxymethylated {#s2-4}
----------------------------------------------------------------------------------------------------------

Dnmt3a is responsible for establishing and maintaining the levels of both 5-mC and 5-hmC around enhancers and promoters ([@bib15]; [@bib69]). In addition, Dnmt3a directly methylates the center of its target enhancers resulting in their subsequent hydroxymethylation via Tet2 in human epidermal keratinocytes ([@bib51]). To study which targets are regulated directly by Dnmt3a during transformation of murine epidermis, we performed ChIP-Seq for Dnmt3a in DMBA/TPA-treated pre-cancerous back skin epidermises from wild-type or Dnmt3a-cKO animals ([Figure 4A](#fig4){ref-type="fig"}). We also compared the ChIP-seq data obtained with MeDIP-seq and hMeDIP-seq performed on FACS-sorted tumor cells. The profiles of MeDIP-seq and hMeDIP-seq around regulatory regions (transcription start sites (TSS) and enhancers) agreed with published data ([Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}), and the CG content in our MeDIP-seq/hMeDIP-seq was highly enriched as compared to the input, both of which are measures of good quality data ([Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}).

We detected 16,483 genomic locations bound by Dnmt3a in wild-type animals, but only 64 in Dnmt3a-cKO, confirming the specificity of the Dnmt3a antibody ([Figure 4B](#fig4){ref-type="fig"} and [Supplementary file 3](#SD9-data){ref-type="supplementary-material"}). Of the bound regions in the wild-type epidermis, more than 20% corresponded to intergenic regions ([Figure 4B](#fig4){ref-type="fig"}). ChIP-Seq for H3K27ac using the same samples allowed us to identify 3097 intergenic regions enriched for H3K27ac that corresponded to active enhancers, 10% of which were bound by Dnmt3a in wild-type cells ([Figure 4A--C](#fig4){ref-type="fig"}, [Supplementary file 3](#SD9-data){ref-type="supplementary-material"}). Interestingly, proximity-based analysis revealed that the active enhancers bound by Dnmt3a predominantly corresponded to genes essential for *keratinocyte differentiation* and *transcriptional regulation*, such as *Evpl* (encoding for Envoplakin), *Ppl* (encoding for Periplakin), *Fos, Myc, Cebpa,* and *Fosl2* ([Figure 4C--D](#fig4){ref-type="fig"}), similarly to what we have previously reported in human epidermal keratinocytes ([@bib51]).

The active enhancers bound by Dnmt3a contained higher levels of DNA methylation and hydroxymethylation than those not bound by it ([Figure 5A,C](#fig5){ref-type="fig"}). Importantly, loss of Dnmt3a significantly reduced their DNA methylation and hydroxymethylation ([Figure 5A,C](#fig5){ref-type="fig"}). Intriguingly, a significant reduction in DNA methylation also occurred in enhancers not bound by Dnmt3a, albeit to a statistically significantly lesser extent than those directly targeted by Dnmt3a in wild-type cells ([Figure 5A,B](#fig5){ref-type="fig"}). Upon deletion of Dnmt3a, DNA hydroxymethylation was also significantly reduced in its target enhancers, and to a lesser extent in non-Dnmt3a-bound enhancers ([Figure 5C](#fig5){ref-type="fig"}). However, the ratio of 5-hmC levels at enhancers bound by Dnmt3a between wild-type and Dnmt3a-cKO epidermal cells is significantly higher as compared to the ratio of 5-hmC levels between the enhancers that are not normally bound by Dnmt3a ([Figure 5D](#fig5){ref-type="fig"}). This indicates that the presence of Dnmt3a correlates with significantly higher 5-hmC levels, likely because Dnmt3a provides 5-mC as a substrate for generating 5-hmC, as we have previously shown in human keratinocytes ([@bib51]).10.7554/eLife.21697.022Figure 5.Depletion of Dnmt3a leads to loss of DNA methylation and hydroxymethylation around its target enhancers.(**A**) Relative methylation score (CpG count) measured around 363 enhancers bound by Dnmt3a (--5 kb, +5 kb) from independent biological replicates of FACS sorted tumor cells from wild type (n = 2) and Dnmt3a-cKO (n = 2) (p\<2.2 × 10^−16^). (**B**) Relative methylation score (CpG count) measured around 2734 enhancers not bound by Dnmt3a (--5 kb, +5 kb) from independent biological replicates of FACS-sorted tumor cells from wild-type (n = 2) and Dnmt3a-cKO (n = 2) animals (p=2.374e^−5^). (**C**) Global levels of 5-hmC at enhancer center (--2Kb, + 2 Kb) were quantified using HOMER software in independent biological replicates of FACS sorted tumor cells from wild-type (n = 2) and Dnmt3a-cKO (n = 2) mice at enhancers bound or not by Dnmt3a. (**D**) Ratio between the 5-hmC levels at enhancers bound or not by Dnmt3a in wild-type and Dnmt3a-cKO tumor cells.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.022](10.7554/eLife.21697.022)10.7554/eLife.21697.023Figure 5---figure supplement 1.MeDIP-seq and hMeDIP-seq analysis from sorted tumor cells.(**A**) CpG count reads versus theoretical distribution in MeDIP and hMeDIP samples from wild type and Dnmt3a-cKO tumors. (**B**) MeDIP-seq signals around active and non-active TSSs in wild-type Itga6^bright^ tumor cells.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.023](10.7554/eLife.21697.023)

Dnmt3a binds to promoters of genes involved in cell proliferation and lipid metabolism to drive their DNA methylation {#s2-5}
---------------------------------------------------------------------------------------------------------------------

In addition to active enhancers, a significant proportion (19%) of the enriched regions for Dnmt3a corresponded to promoters/TSSs ([Figure 4B](#fig4){ref-type="fig"} and [Supplement file 3](#SD9-data){ref-type="supplementary-material"}). To understand if Dnmt3a was methylating these promoters, we overlaid the Dnmt3a ChIP-seq with the MeDIP-seq data. Notably, the promoters bound by Dnmt3a showed a strong and statistically significant loss of DNA methylation around the corresponding TSS ([Figure 6A](#fig6){ref-type="fig"}). The levels of DNA methylation were not significantly changed at promoters not bound by Dnmt3a ([Figure 6B](#fig6){ref-type="fig"}). Of note, Dnmt3a-target TSSs were not enriched for 5-hMC (not shown). The loss of DNA methylation at the promoters/TSSs bound by Dnmt3a was also accompanied by a general increase in the transcription of these genes, measured by RNA-seq in the tumors ([Figure 6C](#fig6){ref-type="fig"}). Altogether, these data suggest that Dnmt3a directly represses the expression of a specific subset of genes by methylating their promoters/TSSs.10.7554/eLife.21697.024Figure 6.Dnmt3a binds and methylates a subset of promoters of genes involved in lipid metabolism in DMBA/TPA-treated epidermal cells.(**A**) Relative methylation score (CpG count) measured around active and silenced promoters bound by Dnmt3a (--5 kb, +5 kb) from independent biological replicates of FACS-sorted tumor cells from wild type (n = 2) and Dnmt3a-cKO (n = 2) animals. (**B**) Relative methylation score (CpG count) measured around promoters not bound by Dnmt3a (--5 kb, +5 kb) from independent biological replicates of FACS-sorted tumor cells from wild-type (n = 2) and Dnmt3a-cKO (n = 2) animals (p=0.104). (**C**) CPM (Counts por Million) values of genes bound at the TSS by Dnmt3a in DMBA skin tumors from wild-type or Dnmt3a-cKO animals. (**D**) Gene ontology analysis, using Enrichr online software, of the 3521 genes bound at their promoter by Dnmt3a. (**E**) Screenshot of *PPAR-γ* gene, with all tracks normalized. (**F**) Normalized methylation score measured around TSS of *Ppar-γ* (--1 kb to +1 kb) bound by Dnmt3a. (**G**) CPM (Counts por Million) values of PPAR-γ measured by RNA-seq in sorted Itga6^bright^ cells from DMBA/TPA-treated IFE and from DMBA skin tumors in wild-type and Dnmt3a-cKO mice. (**H**) Immunofluorescence staining for Krt14 and PPAR-γ of DMBA/TPA-treated skin and skin tumors from wild-type and Dnmt3a-cKO animals.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.024](10.7554/eLife.21697.024)10.7554/eLife.21697.025Figure 6---source data 1.Data related to [Figure 6G](#fig6){ref-type="fig"}.RNA-sequencing CPM values (Counts por Million Reads) of *Pparg* expression in the DMBA/TPA epidermis and in the tumors from wild-type and Dnmt3a-cKO mice.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.025](10.7554/eLife.21697.025)

Interestingly, a GO analysis of the promoters bound by Dnmt3a indicated that they regulated the expression of genes predominantly involved in cell proliferation and lipid metabolism, consistent with our RNA-seq results ([Figure 6D](#fig6){ref-type="fig"} and [Supplement file 3](#SD9-data){ref-type="supplementary-material"}). Interestingly, Dnmt3a bound the promoters of *Ppar-α* and *Ppar-γ* in wild-type but not Dnmt3a-cKO epidermis ([Figure 6E](#fig6){ref-type="fig"} and [Supplement file 3](#SD9-data){ref-type="supplementary-material"}). Furthermore, 5-mC levels were lower in the TSS of the *PPAR-γ* gene in Dnmt3a-cKO as compared to wild-type tumors, indicating a DNA methylation-dependent mechanism of transcriptional repression ([Figure 6F](#fig6){ref-type="fig"}).

Consistent with a transcriptional derepression of the locus following loss of DNA methylation, PPAR-γ mRNA and protein levels were upregulated both in pre-cancerous interfollicular epidermis and in tumors lacking Dnmt3a, suggesting that the upregulation of PPAR-γ is acquired at the pre-cancerous stage, even before overt tumors appear ([Figure 6G,H](#fig6){ref-type="fig"} and [Figure 6---source data 1](#SD4-data){ref-type="supplementary-material"}).

Inhibition of PPAR-γ attenuates the protumorigenic effect elicited by the depletion of Dnmt3a {#s2-6}
---------------------------------------------------------------------------------------------

We next tested whether the increase in the expression of genes involved in lipid metabolism was required for the earlier onset of tumorigenesis and increased tumor burden in Dnmt3a-cKO mice. To this end, wild-type and Dnmt3a-cKO mice were subjected to the DMBA/TPA skin carcinogenesis protocol, but were separated into two cohorts, one treated topically with a PPAR-γ chemical inhibitor in combination with DMBA/TPA, and the other with the vehicle ([Figure 7A](#fig7){ref-type="fig"}-diagram) ([@bib52]; [@bib23]). Interestingly, inhibition of PPAR-γ significantly delayed the onset of tumor appearance in Dnmt3a-cKO mice, and reduced the number of tumors developed by the Dnmt3a-cKO ([Figure 7B--C](#fig7){ref-type="fig"} and [Figure 7---source data 1](#SD5-data){ref-type="supplementary-material"}). However, the average size of the tumors was not affected by the inhibition of PPAR-γ ([Figure 7D](#fig7){ref-type="fig"}). Thus, inhibition of PPAR-γ could be a potential new therapy for cutaneous squamous cell carcinomas harboring low levels of Dnmt3a.10.7554/eLife.21697.026Figure 7.PPAR-γ inhibition revert the tumor initiation phenotype of the Dnmt3a-cKO.(**A**) Schematic representation of the DMBA/TPA orthotopic treatment together PPAR-γ inhibitor (Sigma GW9662) treatment onto wild-type and Dnmt3a-cKO animals. (**B**) Time of appearance, expressed in percentages of skin tumors on wild-type or Dnmt3a-cKO animals (vehicle and GW9662 treated): p=0.008, Chi-Square Test. (**C**) Number of skin tumors after 3 months of DMBA/TPA treatment plus GW9662 treatment, p=0.007 (Unpaired T-Test). (**D**) Tumors sizes expressed in millimeters (mm) after 3 months of DMBA/TPA plus GW9662 treatment.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.026](10.7554/eLife.21697.026)10.7554/eLife.21697.027Figure 7---source data 1.Data related to [Figure 7C](#fig7){ref-type="fig"}.Data showing the number of tumors counted on the backskin of the wild-type and Dnmt3a-cKO mice after 120 days of DMBA/TPA plus vehicle or plus GW9662 (PPAR-G inhibitor).**DOI:** [http://dx.doi.org/10.7554/eLife.21697.027](10.7554/eLife.21697.027)10.7554/eLife.21697.028Figure 7---figure supplement 1.The mRNA of Dnmt3a is downregulated in human cutaneous squamous cell carcinomas compared to normal human epidermis.MRNA expression of Dnmt3a in human healthy epidermis compared to actinic keratoses and Squamous Cell Carcinomas (SCC) quantified using GEO2R platform of the published databases (GSE2503, GSE42677, GSE45164, and GSE53462). Unpaired parametric T-Test was used for statistics.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.028](10.7554/eLife.21697.028)10.7554/eLife.21697.029Figure 7---figure supplement 1---source data 1.Data related to [Figure 7---figure supplement 1](#fig7s1){ref-type="fig"}.*Dnmt3a* mRNA expression obtained using the online platform GEO2R from four published datasets of human healthy epidermis, actinic keratosis and squamous cell carcinomas samples.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.029](10.7554/eLife.21697.029)

At last, using public available data from four different studies we determined that the expression of Dnmt3a is significantly reduced in squamous cell carcinomas and actinic keratosis, the premalignant stage of squamous tumors, compared to human healthy epidermis ([Figure 7---figure supplement 1](#fig7s1){ref-type="fig"} and [Figure 7---figure supplement 1---Source data 1](#SD6-data){ref-type="supplementary-material"}).

Discussion {#s3}
==========

Dnmt3a modifies cytosine at CpG dinucleotides and is responsible for the proper differentiation of murine hematopoietic stem cells and murine neural stem cells ([@bib11]; [@bib42]; [@bib58]). Recently, we and others have shown in human epidermal keratinocytes and murine olfactory sensory neurons, respectively, that Dnmt3a regulates gene expression by cooperating with Tet to maintain high levels of 5-hmC at enhancers ([@bib15]; [@bib51]). Importantly, Dnmt3a is not only frequently mutated in human tumors ([@bib28]) but is perhaps one of the first mutations to occur during tumorigenesis ([@bib58]). Using knockout mouse models, we now have demonstrated that Dnmt3a is also tumor-suppressive toward carcinogen-induced epidermal squamous neoplasia. Its loss not only accelerated the onset of tumors, but also increased tumor burden. However, once formed, Dnmt3a-deficient tumors grew, and progressed to carcinomas with the same kinetics and proportions, respectively, as their wild-type counterparts. Recent works have shown that the absence of Dnmt3a or Tet2 in hematopoietic stem cells predisposes to leukemia formation ([@bib69]; [@bib49]), but that restoring the expression of Dnmt3a after the leukemia had developed did not revert the phenotype ([@bib69]). That said, the role of Dnmt3a in tumorigenesis is tissue specific, since in the lung it does not affect tumor initiation but rather tumor progression ([@bib21]). Interestingly, in the work of Gao et al., most of the changes in gene expression in Dnmt3a-depleted cells were attributed to alterations in gene body methylation, rather than at promoters. Conversely, in our model, we see significant changes at regulatory elements (i.e. promoters and enhancers) that lead to changes in gene expression in Dnmt3a-depleted epidermal tumors.

Our results, together with accumulating evidence from other groups, demonstrates a clear relationship between the levels of Dnmt3a--Tet--5-hmC and tumorigenesis: the inactivation of this axis in adult stem cells predisposes them to tumor initiation. Interestingly, a global reduction of 5-hmC is a hallmark of several cancer types, including squamous cell carcinoma, and is often correlated with poor prognosis ([@bib71]; [@bib37]; [@bib57]; [@bib20]; [@bib36]). Our results indicate that Dnmt3a drives the DNA-methylation, and subsequent hydroxymethylation, of a subset of enhancers that regulate the expression of genes involved differentiation. Conversely, Dnmt3a binds to, and DNA methylates, the promoters of cell proliferation and lipid metabolism genes to repress their expression. Interestingly, however, deletion of Dnmt3a does not result in changes in the specification of the different keratinocyte lineages in the skin (epidermis, hair follicles, and sebaceous glands), nor their homeostasis in adulthood. What is more, even the combined deletion of Dnmt3a and Dnmt3b, albeit significantly reducing overall DNA methylation levels, did not result in any skin phenotype even in aged mice. On the other hand, we have recently shown that Dnmt3a and Dnmt3b are necessary for the self-renewal and differentiation of primary human keratinocytes ([@bib51]). This apparent contradiction in the phenotypes observed might be due to the fact that our work with human keratinocytes relied on culturing the cells, which was recently shown in murine skin keratinocytes to induce a wound healing damaged-like reversible state that affects their epigenome and transcriptome ([@bib2]). Thus, in vivo deletion of Dnmt3a might not be sufficient to alter the homeostasis of undamaged skin, but renders the epidermis more susceptible to situations of damage. Accordingly, the epidermis of Dnmt3a-cKO mice responded to the treatment of DMBA/TPA in a much more pronounced manner. This effect might not be specific to Dnmt3a. For instance, Dnmt1 is the DNA methyltransferase most highly expressed in epidermal cells and is responsible for about 70% of DNA methylation levels ([@bib34]). Its depletion causes a strong loss of self-renewal of primary human basal keratinocytes ([@bib55]). However, its loss in murine epidermis leads to a mild increase in proliferation, and to a partial alopecia, only in very aged mice ([@bib36]). Intriguingly, these results also suggest that Dnmt1 and Dnmt3a/3b exert different functions in epidermal homeostasis, although future work will be required to study these putative differences in depth.

Notwithstanding the differences between in vivo and ex vivo studies, our results show that the genomic localization of Dnmt3a is very similar between intact murine keratinocytes and cultured human keratinocytes. Besides its localization at active enhancers of genes involved in epidermal differentiation, Dnmt3a also bound to, and methylated, promoters of genes that regulate cell proliferation and lipid metabolism to repress their expression. Among these genes, were the master regulators of lipid metabolism and adipogenesis PPAR-α and PPAR-γ. Interestingly, a number of recent studies have highlighted the importance of a persistent lipid metabolism in promoting tumor transformation, and tumor metastasis in colorectal, liver, breast and oral squamous carcinomas, as well as for enhancing chemoresistance of leukemia stem cells ([@bib48]; [@bib41]; [@bib8]; [@bib70]). The upregulation of these transcription factors upon deregulation of Dnmt3a might predispose the epidermis to develop more tumors, suggesting that an intriguing mechanistic link between lipid metabolism and the epigenetic regulation of tissue homeostasis through DNA methylation, might exist. A recent large clinical association study has already pointed to this by establishing a correlation between the expression of obesity-related genes and changes in the content of DNA methylation ([@bib65]). Importantly, our results show that PPAR-γ is partially responsible for promoting tumorigenesis in Dnmt3a-deficient epidermis, which considering that human skin tumors express lower levels of Dnmt3a, might provide us with a new therapeutic antitumor avenue against squamous cell carcinomas.

Materials and methods {#s4}
=====================

Chemical skin carcinogenesis {#s4-1}
----------------------------

The work with mice was approved by the Ethical Committee for Animal Experimentation (CEEA) of the Scientific Park of Barcelona (PCB), and the Government of Catalunya. Inbred male or female *Dnmt3a* flox/flox (C57/Bl6) backcrossed to *Krt14-CRE-*YFP (C57/Bl6) for six to nine generations were used for all animal experiments. Chemically-induced skin carcinogenesis was performed as previously described ([@bib45]; [@bib1]), with a slight modification to yield high-frequency SCCs in the C57/Bl6 genetic background. Briefly, the back skin of 8-week-old mice---at which time hair follicles are in their resting phase (telogen)---was shaved and treated with the mutagen 7,12-dimethylbenz\[a\]anthracene (DMBA; 200 µl of 0.25 mg/ml solution in acetone) and the pro-inflammatory and pro-proliferation agent 12-O-tetradecanoyl phorbol-13-acetate (TPA; 200 µl of 0.02 mg/ml solution in acetone) once weekly for 6 weeks. Specifically, DMBA was given on Monday and TPA always on the Friday of the same week. For short DMBA experiments, animals were sacrificed and back skins were processed 3 days after the sixth TPA application. For tumor formation studies, treatment continued twice weekly with TPA (200 µl of 20 µg/ml solution in acetone) for up to 20 weeks, or until the largest tumor of each mouse reached 1.5 mm diameter, at which point animals were sacrificed. In total, 12 wild type and 15 Dnmt3a-cKO tumors from 6 and 8 mice, respectively, were included for tumor analyses.

PPAR-γ inhibitor treatment {#s4-2}
--------------------------

The chemically-induced skin carcinogenesis was performed as previously described above ([@bib45]; [@bib1]). We used the chemical 2-Chloro-5-nitro-N-phenylbenzamide (Sigma Aldrich: GW9662) described as potent PPAR- γ inhibitor. Briefly, the shaved dorsal epidermis of wild-type and Dnmt3a-cKO mice was treated twice a week topically with 200 µl of 100 nmoles of GW9662 solubilized in acetone. We applied the PPAR-γ inhibitor together with the first DMBA treatment, and subsequently administered it at every DMBA or TPA treatment. The PPAR-γ inhibitor was applied always 2 min before every administration of DMBA or TPA ([@bib52]; [@bib23]).

Single-cell preparation and FACS analysis {#s4-3}
-----------------------------------------

To isolate pre-cancerous epidermal cells following short DMBA/TPA treatment, back skins were dissected and processed to single-cell suspensions as previously described ([@bib25]). To purify tumor cells, DMBA/TPA-induced SCCs were mechanically dissociated using a McIlwain Tissue Chopper (The Mickle Laboratory Engineering Co. LTD). Minced tumor tissue was digested under agitation in serum-free EMEM medium without calcium containing 2.5 mg/ml Collagenase I (Sigma Aldrich, St. Louis, Missouri), and 0.75 mg/ml trypsin (Life Technologies) for 90 min at 37°C. Cells were pelleted, suspended in 1--2 ml of 0.25% pre-warmed trypsin/EDTA (Life Technologies) containing 100 µg/ml (Aldrich) per tumor, and incubated at 37°C for 2 min. Trypsin was inactivated by adding EMEM without calcium containing 10% chelated FBS. Cells were washed twice in PBS and filtered sequentially through 100 µm and 40 µm cell strainers.

For ChIP-seq, single-cell suspensions were cross-linked for 10 min at room temperature with 1% formaldehyde (methanol-free; Thermofisher, 28906) and quenched for 5 min to a final concentration of 0.125M of glycine. Cells were washed 2× with cold PBS and frozen at --80°C.

For flow cytometry analysis, epidermal or tumor cells were re-suspended at 1 × 10^7^ cells/ml in PBS and labeled with CD49f-PE (clone NKI-GoH3, 1:200, AbD Serotec) and CD34-biotin (clone RAM34, 1:50, eBioscience) followed by streptavidin-APC (1:400, BD Biosciences). Tumor cell suspensions were additionally labeled with lineage-BV605 (CD31, clone 390; CD45, clone 30-F11; TER119, clone TER119; all 1:100) (Biolegend) to exclude stromal cell contamination. Both epidermal and tumor cells were positive for YFP due to the presence of the Rosa26-YFP allele in the mice.

Tumor cells (YFP^bright^/lineage^neg^ cells), pre-cancerous epidermis of interfollicular epidermis (YFP^pos^/CD49f^high^/CD34^neg^ cells), and bulge hair follicle stem cells (YFP^bright^/CD49f^high^/CD34^pos^ cells) were FACS-sorted using a BD FACSAria Fusion flow cytometer (BD Biosciences). Approximately, 3--20 × 10^4^ cells were sorted and lysed in 1 ml of TRIzol for RNA and DNA isolation. After adding 200 µl chloroform, samples were vortexed for 30 s and then centrifuged at 12,000 g to separate the RNA-containing supernatant from the organic phase. RNA was precipitated with 1× volume of isopropanol, washed twice with 70% ethanol, and then used for library preparation. The interphase of the TRIzol solution (after removal of the supernatant) was precipitated adding 1× volume of isopropanol, centrifuged for 1 hr at 4°C at 13,000 g, washed twice with ethanol, and digested overnight at 55°C with proteinase K (10 mg/ml) in TE 1× buffer. The following day, digested material was incubated 1 hr at 37°C with RNase A and purified using a conventional phenol/chloroform separation. The DNA pellet was quantified, and DNA was used for library preparation for MeDIP-seq and hMeDIP-seq experiments.

MeDIP and hMeDIP sequencing {#s4-4}
---------------------------

Purified genomic DNA (250 ng) from tumor cells was sonicated to obtain fragments of 300--700 bp. Adaptors from the NEBNext Ultra DNA Library Prep Kit for Illumina were added to the fragmented DNA. DNA was denatured for 10 min at 99°C and cooled to avoid re-annealing. Fragmented DNA was incubated overnight with 1 µg of antibodies (5-methylcytosine, Abcam cat. \# ab10805; 5-hydroxymethylcytosine, Active Motif, cat. \# 39769, RRID: [AB_10013602](https://scicrunch.org/resolver/AB_10013602)) previously cross-linked with 15 µl of Dynabeads Protein A (Life Technologies). Immunocomplexes were recovered using 8 µl for 2 hr. The following morning, DNA was washed three times for 10 min each, and purified DNA was extracted using QIAquick MinElute (Qiagen). Amplified libraries were prepared using NEBNext Ultra DNA Library Prep Kit for Illumina (E7370L) following the manufacturer\'s instructions.

RNA library preparation and sequencing {#s4-5}
--------------------------------------

The libraries of total RNA from wild type and Dnmt3a-cKO tumors was prepared using the TruSeqStranded Total Sample Preparation kit (Illumina Inc.) according to the manufacturer's protocol. Each library was sequenced using TruSeq SBS Kit v3-HS, in paired end-mode with the read length 2 × 76 bp. A minimal of 137 million paired-end reads was generated for each sample run in one sequencing lane on HiSeq2000 (Illumina, Inc) following the manufacturer's protocol. Images analysis, base calling, and quality scoring of the run were processed using the manufacturer's software Real-Time Analysis (RTA 1.13.48) and followed by generation of FASTQ sequence files by CASAVA.

RNA-seq data processing {#s4-6}
-----------------------

RNA-seq datasets were pre-processed by removing both low-quality bases from the 3′- ends of the reads and adapter sequences using Trimmomatic (version 0.33) ([@bib9]). The trimmed reads were aligned to the mouse genome (UCSC mm10) using TopHat (version 2.0.13) ([@bib63]), with default parameters and --g 5. Gene and transcript expression levels were quantified with HTSeq (version 0.6.1p1) ([@bib4]). From the raw counts, counts per million (cpm) and fragments per kilobase of transcript per million mapped reads (fpkm) values were calculated. Differential expression analysis was performed using DESeq2 ([@bib39]) using a q-value cutoff of 0.05 and a fold-change cutoff of 1.5 to identify differentially expressed genes.

Chromatin immunoprecipitation-sequencing (ChIP-seq) {#s4-7}
---------------------------------------------------

ChIP was performed as previously described ([@bib43]). Briefly, frozen pelleted were lysed in 1 ml ChIP buffer (150 mM NaCl, 10 mM Tris-HCl, 5 mM EDTA, 1% SDS, 0.5 mM DTT, and 1% Triton X-100) and sonicated for 30 min in a Bioruptor Pico (Diagenode). DNA fragments were de-crosslinked overnight at 65°C and checked with a bioanalyzer. After a DNA check, chromatin was diluted 1:5 with ChIP buffer with no SDS (150 mM NaCl, 10 mM Tris-HCl, 5 mM EDTA, 0.5 mM DTT, and 1% Triton X-100). Immunoprecipitation experiments for transcription factors used 30 µg of chromatin, and those for H3K27ac, 3 µg of chromatin. Antibodies (10 µg for Dnmt3a and 3 µg for H3K27ac) were incubated overnight with the chromatin in ChIP buffer. Immunocomplexes were recovered with 40 µl of protein A bead slurry (Healthcare, cat. \# 17-5280-01). Immunoprecipitated material was washed three times with low-salt buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1% Triton) and 1× with high-salt buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 1% Triton). DNA complexes were de-crosslinked at 65°C overnight, and DNA was then eluted in 50 µl of water using the PCR purification kit (QIAGEN). Antibodies used for ChIP were Dnmt3a (SantaCruz H-295; RRID: [AB_2093990](https://scicrunch.org/resolver/AB_2093990)) and H3K27ac (Merck Millipore, cat. \# 07--360; RRID: [AB_310550](https://scicrunch.org/resolver/AB_310550)). Libraries for sequencing were prepared using NEBNext Ultra DNA Library Prep Kit from Illumina (E7370L) following the manufacturer\'s instructions.

ChIP-seq data processing {#s4-8}
------------------------

ChIP-seq datasets were aligned to the mouse genome build mm10 using BowTie (version 1.0.1) ([@bib29]); the parameters used were --k 1, --m 1, and --n 2. UCSC browser tracks ([@bib27]) were created from the mapped bam file after converting it to bedGraph (normalized to 10 million reads) and subsequently bigWig format. Peak calling of Dnmt3A to determine regions of ChIP-seq enrichment over the background was done with the MACS version 1.4.1. Peaks of the methylation and hydroxymethylation datasets were determined similarly. For histone marks, MACS version two was used with parameters --broad, -q 0.01, and --g mm. ChIP-seq peaks were annotated using the annotatePeaks.pl script of the HOMER suite (version 4.6) ([@bib24]) using the UCSC mm10 annotation. The coverage depths of different ChIP-seq experiments at specified regions were also calculated using the annotatePeaks.pl script. This generated a normalized coverage value of different sequencing experiments at equally spaced bins spanning the region of interest. Bin size was set to 1 bp.

For the differential regulation analysis of MeDIP-seq data with replicates, common peaks were first determined among the replicates of the wild type and KO samples separately. A consensus peakset was then created from the two common peaksets, and the read counts were calculated for all the peaks of the consensus peakset. DESeq2 ([@bib39]) was applied to calculate the differentially bound peaks using an adjusted p value of \< 0.05.

Immunofluorescence {#s4-9}
------------------

Skin and tumors were isolated from mice, fixed in formalin 10% for 2 hr at room temperature, and embed in paraffin. Sections were cut and stained on glass coverslips. After deparaffinization sections were permeabilized with 0.5% Triton/PBS for 10 min, blocked with 10% goat serum, and stained overnight at 4°C with primary antibodies diluted in 1% goat serum. The morning after, sections were washed three times with PBS 1X with 10 min for each wash and stained with secondary antibody (1/1000). Nuclei were counterstained with DAPI (Sigma, D9542). Primary antibodies were anti-Dnmt3a (1:100, SantaCruz H-295:

RRID: [AB_2093990](https://scicrunch.org/resolver/AB_2093990)), anti-PPAR-γ (1:100 Santa Cruz, sc-7196: RRID: [AB_654710](https://scicrunch.org/resolver/AB_654710)), and anti-keratin 14 (1:500, Biolegend SIG-3476: RRID:[AB_10718041](https://scicrunch.org/resolver/AB_10718041)); secondary antibodies were anti-rabbit Alexa Fluor 488 (RRID: [AB_141708](https://scicrunch.org/resolver/AB_141708)) and anti-mouse Alexa Fluor 647 (1:500, Molecular Probes; RRID: [AB_162542](https://scicrunch.org/resolver/AB_162542)). For immunofluorescence staining anti-5-Methylcytosine (1:100, Abcam10805, clone 33D3: RRID: [AB_442823](https://scicrunch.org/resolver/AB_442823)), sections (after deparaffinization and before Triton incubation) were incubated for 15 min with 2N HCL to further denature DNA. Adipophilin (ADFP, ab37516, 1:100 dilution; RRID: [AB_722641](https://scicrunch.org/resolver/AB_722641)). Tunel Staining was performed using the Promega DeadEnd Tunel System following the manufacturer\'s instructions. Pictures were acquired using a Leica TCS SP5 confocal microscope.

Statistical analysis {#s4-10}
--------------------

To compare tumor burden between genotypes, we used a T-Test with 95% confidence. To compare free tumor survival differences and anagen entry differences, we used a Chi-Square test. To compare Relative Methylation Score (RMS) levels and to compare normalized 5-hmC levels between wild type and Dnmt3a-cKO sorted tumor cells we used a paired Wilcoxon Test. The same paired-Wilcoxon test was used to measure differences in RNA expression.

KI67 staining and quantification {#s4-11}
--------------------------------

Skin and tumor sections were stained after deparaffinization with KI67 (Abcam ab15580; RRID: [AB_443209](https://scicrunch.org/resolver/AB_443209)) for 60 min. After two washes, section were incubated with Power Vision Rabbit (InmunoLogic) for 45 min. Positive staining was revealed using a chromogen DAB for 5 min (Dako). Counterstain for hematoxylin was incubated for 3 min (Dako).

Stained sections were scanned using a high-resolution NanoZoomer 2.0 HT (Hamamatsu). KI67-positive nuclei in the interfollicular epidermis were measured using the TMarker software ([@bib54]). Positive and negative nuclei for the staining were trained using the color deconvolution plugin and quantified using the cancer nucleus classification plugin. The total number of positive nuclei was normalized to the total number of nuclei in the area considered. Unpaired parametric T-test was used to measure statistical difference among groups and genotypes.
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10.7554/eLife.21697.030

###### This file contains information related to [Figure 3](#fig3){ref-type="fig"}.

It shows the fold change difference of all RefSeq genes between *Dnmt3a*-cKO and wild type tumors in integrin alpha6-purified tumor cells. Please note that the negative values represent the genes that are expressed at higher levels in the *Dnmt3a*-cKO tumor cells.

**DOI:** [http://dx.doi.org/10.7554/eLife.21697.030](10.7554/eLife.21697.030)

10.7554/eLife.21697.031

###### This file contains information related to [Figure 4](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}.

It shows the FPKM (Fragments Per Kilobase of transcript per Million mapped reads) values of all RefSeq genes obtained by RNA-sequencing in bulge cells (integrin alpha6bright/CD34+, BULGE) and interfollicular epidermis basal cells (integrin alpha6bright/CD34-, IFE) purified cells from *Dnmt3a*-cKO and wild type epidermis after 6 weeks of DMBA/TPA treatment.

**DOI:** [http://dx.doi.org/10.7554/eLife.21697.031](10.7554/eLife.21697.031)

10.7554/eLife.21697.032

###### This file contains information related to [Figure 4](#fig4){ref-type="fig"}, [Figure 5](#fig5){ref-type="fig"} and [Figure 6](#fig6){ref-type="fig"}.

**Spreadsheet1 **contains the genomic coordinates and the related annotations of the Chip-Seq peaks of Dnmt3a in precancerous epidermis (after 6 weeks of DMBA/TPA treatment). **Spreadsheet2** contains the list of genes bound at their promoter by Dnmt3a in precancerous epidermis. **Spreadsheet3 **contains the genomic coordinates of the active enhancers not bound by Dnmt3a in precancerous epidermis. **Spreadsheet4 **contains the genomic coordinates of the promoters not bound by Dnmt3a in precancerous epidermis. **Spreadsheet5 **contains the genomic coordinates of the active enhancers bound by Dnmt3a in precancerous epidermis.

**DOI:** [http://dx.doi.org/10.7554/eLife.21697.032](10.7554/eLife.21697.032)

Major datasets {#s7}
--------------

The following dataset was generated:

Rinaldi L,Benitah SA,2017,Dnmt3a associates with promoters and enhancers to protect epidermal stem cells from cancer,<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87412>,Publicly available at the NCBI Gene Expression Omnibus (accession no: GSE87412)
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Decision letter

Horsley

Valerie

Reviewing editor
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,

United States

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Dnmt3a associates with promoters and enhancers to protect epidermal stem cells from cancer\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom is a member of our Board of Reviewing Editors, and the evaluation has been overseen by Fiona Watt as the Senior Editor. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The reviewers agreed that understanding the role of Dnmt3a/b in skin carcinogenesis is an interesting and unresolved question. In particular, the authors convincingly and thoroughly show that loss of Dnmt3a in keratinocytes promotes increased tumorigenesis after DMBA treatment, which is intriguing. Transcriptional profiling and ChIP-seq data reveal genes altered by Dnmt3a.

Essential revisions:

1\) The reviewers all raised concerns regarding the functional link between Dnmt and gene regulation in tumorigenesis. While the authors link the function to the suppression of PPAR and a lipid-type program, there are no functional data in the manuscript in support of this claim and, as mentioned below, this might be linked to a sebaceous tumor phenotype. Functional analysis of Dnmt targets is needed to extend this manuscript to more fully understand how Dnmt impacts tumor progression.

2\) In [Figure 1A](#fig1){ref-type="fig"}, they authors show that hairs regrow faster after DMBA treatment in Dnmt3a cKO mice. The authors suggested that \"Dnmt3a might act as a break to maintain hair follicles in a dormant state\". This potentially interesting phenotype has not been studied in detail and this information as it is might be a bit distracting.

3\) It is clear that DNA methylation can affect non-transcriptional mechanisms such as genome stability and DNA repair mechanisms, and there are no studies presented to assess non-transcriptional effects of DNA methylation on tumorigenesis. Have the authors looked at mutation frequency and/or genomic stability in these tumors?

4\) The authors argue that Dnmt3a selectively affects tumor initiation rather than tumor progression. These claims are questionable. Tumor initiation, which is difficult to study, refers to the first oncogenic conversion of a normal cell. In this study, the authors make these claims based on the macroscopic detection of tumors which could entirely depend on an effect on tumor progression. DMBA causes h-ras mutations and such tumors are highly sensitive to the presence of h-ras, indicating that this is the key initiation mechanism in the DMBA/TPA model. Did the authors observe an increase in h-ras mutations after DMBA application? Did the authors observe a difference in the repair of such mutations? Are skin tumors caused by activated k-ras also affected by Dnmt3a or is the effect specific to DMBA-induced tumors? In any case, to claim an effect on tumor initiation in epidermal stem cells, the authors would need to study earlier steps in tumorigenesis.

5\) In the studies ([Figure 3](#fig3){ref-type="fig"}) where the authors isolated alpha6-high cells from WT and Dnmt3a-/- tumors for gene expression studies, it would be important to include images of the histology of each tumor as supplemental information. How did they ensure that all tumors were of the same type? Also, since the Dnmt3a tumors progress much faster, how can the authors rule out that the differences relate to different stages of tumorigenesis rather than different genotypes?

6\) The findings of increased PPAR-γ and linked genes suggest the possibility that the authors may be detecting differentiation along the sebaceous lineage in these tumors. This is actually supported by the data indicating that a higher proportion of such tumors are found in the Dnmt3a ko mice. Again, having overview images of each of the tumors with staining for sebaceous markers would be helpful to rule this possibility out.

7\) The characterization of apoptosis and link to Dnmt3a should be improved. Does Dnmt3a act after DNA damage and increase the number of cells undergoing apoptosis following DMBA? The authors should check for active caspase 3 after DMBA and show more convincing Tunel staining. The Tunel staining data (now as [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}) should be quantified with statistics, and also it would be important to make sure that the same types of tumors are compared across genotypes.

8\) The initiation of hair wave domains after hair removal in second anagen is highly variable and 6 mice (as in [Figure 1A](#fig1){ref-type="fig"}) is probably not sufficient to conclude that there is a difference between genotypes. Perhaps smaller domains were initiated and missed. When did the WT mice exhibit anagen patches? Plotting the time of first anagen patch might be more convincing (also this is not a major point in the paper).

9\) The differences in gene expression reported in [Figure 6C](#fig6){ref-type="fig"} may be significant because of the high number of genes included in the comparison, but these differences are very small and not likely to be biologically important. Also, the differences in DNA methylation reported in [Figure 6A](#fig6){ref-type="fig"} are very small.

10\) In the title and throughout the manuscript the authors refer to the study of epidermal stem cells. Cultured human keratinocytes under low calcium conditions cannot be accurately referred to as \"stem cells\". Furthermore, the stem cells within epidermal tumors would need to be studied in more detail to substantiate the claim that epidermal stem cells are particularly affected by Dnmt function. In [Figure 4](#fig4){ref-type="fig"} alpha6+/CD34 is used as marker of interfollicular epithelial cells, which likely includes non-stem hair follicle keratinocytes.

11\) The characterization of epidermal differentiation should be performed more carefully. Are the suprabasal epidermal layers normal in these mouse mutants? If deletion of Dnmt3a and Dnmt3b singly or in combination has little effect on epidermal differentiation during development, and epidermal homeostasis, indicating that these enzymes are dispensable for adult epidermal stem cell function, this finding would be an important one to emphasize in the manuscript. The findings in the current study are much more plausible and in line with previous studies suggesting that reversible DNA methylation does not seem to have a prominent role in gene regulation in normal tissues (it has clear roles in irreversible silencing such as imprinting, X-inactivation, transposon silencing, irreversible promoter silencing, but a role in re gene regulation has been difficult to demonstrate outside cell culture; see for example Bestor et al., PNAS 2015). There is very little data supporting the idea that methylation and demethylation are important regulators of cellular differentiation during embryonic development; the current manuscript is consistent with this view and contradicts the authors\' recently published study. The authors need to discuss the divergence in their two studies more clearly and mention this key finding in the Abstract.

10.7554/eLife.21697.044

Author response

*Essential revisions:*

*1) The reviewers all raised concerns regarding the functional link between Dnmt and gene regulation in tumorigenesis. While the authors link the function to the suppression of PPAR and a lipid-type program, there are no functional data in the manuscript in support of this claim and, as mentioned below, this might be linked to a sebaceous tumor phenotype. Functional analysis of Dnmt targets is needed to extend this manuscript to more fully understand how Dnmt impacts tumor progression.*

We agree that providing functional analysis of Dnmt3a targets, in particular PPARg, would improve the mechanistic insight of our manuscript.

First, we would like to point out that we believe that the upregulation of lipid metabolism genes we observed is not a consequence of the higher incidence of sebaceous tumors in Dnmt3a-cKO mice. Although Dnmt3a-cKO mice develop more sebaceous adenomas than wild type mice, we made sure that this type of tumor was not used for any of the mechanistic studies included in our work. We apologize for not making this clear in the first version of our manuscript. To highlight this, we now have included a new figure ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}) containing the histology of each tumor used of the RNA-sequencing studies, which was performed by our mouse pathologist to make sure that none was scored as a sebaceous adenoma. We have also performed immunostaining to detect the expression of ADFP to show that none of the tumors studied expressed this sebaceous marker (also included in [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). In addition, we now include as [Figure 3---figure supplement 4](#fig3s4){ref-type="fig"}, the immunostaining to detect the expression of PPARg in each sample, showing that Dnmt3-cKO tumors (scored as squamous cell carcinomas, and not sebaceous adenomas) show high expression of PPARg. Furthermore, the RNA-seq data obtained from the short-term treatment with DMBA-TPA shows that basal IFE cells in Dnmt3a-cKO mice already start to express high levels of genes involved in lipid metabolism (including PPARg, as also shown in [Figure 6H](#fig6){ref-type="fig"}) without any sebocyte differentiation.

Regarding the mechanistic studies: since we do not have PPARg conditional knockout mice available in our lab, we decided to use a well-characterized inhibitor of PPARg to address this issue. We repeated the DMBA-TPA chemical carcinogenesis protocol in wild type and Dnmt3a-cKO mice, and divided the mice into two cohorts, one treated with the PPARg inhibitor, and the other one with the vehicle. As shown in [Figure 7](#fig7){ref-type="fig"}, inhibition of PPARg significantly delayed the time of tumor appearance, and reduced the number of tumors, in Dnmt3a-cKO mice. Interestingly, the size of the tumors was not affected by inhibition of PPARg, suggesting that this TF is necessary for the early onset of tumorigenesis, but not for the growth of tumors once they are formed. These results therefore suggest that inhibition of PPARg could be considered as a new possible therapy for skin squamous cell carcinomas.

We would like to thank you for making this interesting suggestion, which we believe has significantly enhanced the quality of our work.

*2) In [Figure 1A](#fig1){ref-type="fig"}, they authors show that hairs regrow faster after DMBA treatment in Dnmt3a cKO mice. The authors suggested that \"Dnmt3a might act as a break to maintain hair follicles in a dormant state\". This potentially interesting phenotype has not been studied in detail and this information as it is might be a bit distracting.*

We agree that this observation could distract the readers from the primary message of our work, which is to describe the role of Dnmt3a and Dnmt3b in skin tumorigenesis. We have therefore decided to remove panel A from [Figure 1](#fig1){ref-type="fig"}, and to study this interesting phenotype in more detail in the future.

*3) It is clear that DNA methylation can affect non-transcriptional mechanisms such as genome stability and DNA repair mechanisms, and there are no studies presented to assess non-transcriptional effects of DNA methylation on tumorigenesis. Have the authors looked at mutation frequency and/or genomic stability in these tumors?*

We believe this is a very interesting question. There are several publications suggesting that the epigenetic landscape of chromatin can have a major influence in the mutational load of tumors (for instance, Schuster-Böckler B and Lehner B. Chromatin organization is a major influence on regional mutation rates in human cancer cells. Nature 2012). However, these studies are correlative and do not provide any functional data. In this sense, before we reply directly to the issue raised above, we would like to point out that we have been developing for the last 4 years a large project designed to specifically determine whether the chromatin landscape (i.e. presence or absence of different chromatin modifications, and whether the chromatin is more accessible or closed) affects the mutational frequency and types of mutations in tumors. We have performed whole exome sequencing, ATAC-seq, and ChIP-seq of several chromatin marks in different mouse models in which we have deleted a specific epigenetic regulator, to precisely determine whether altering different chromatin marks has any effect over the regional mutation rates, types of mutations, and number and type of driver mutations, in DMBA/TPA-induced cutaneous carcinoma. This ongoing project has resulted in a vast amount of results, with really interesting but also quite complex conclusions. We therefore believe this analysis is beyond the scope of this current study, as it constitutes a story by itself. Because of the complexity of the analyses and results, adding just some of the data to this manuscript would not be sufficient to explain if and how epigenetic modifications, including DNA methylation, shape the mutational landscape of tumors.

However, we include as figures for the reviewers some results we have obtained regarding the potential role of genomic instability or mutational changes in the phenotype of Dnmt3a-cKO mice:

We have studied whether deletion of Dnmt3a results in increased genomic instability by looking at the DNA content in precancerous epidermis. To do so, we treated for six weeks three wild type and three Dnmt3a-cKO mice with DMBA/TPA. We then analyzed by FACS the DNA content in proliferative (Edu+) and non-proliferative (Edu-) Itga6brightCD34pos and Itga6brightCD34neg cells. Notably, we did not observe any significant change in the DNA content between Dnmt3a-cKO and wild type cells, suggesting that aneuploidy, or other signs of genomic instability, do not occur upon deletion of Dnmt3a in the epidermis ([Author response images 1](#fig8){ref-type="fig"} and [2](#fig9){ref-type="fig"}).10.7554/eLife.21697.033Author response image 1.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.033](10.7554/eLife.21697.033)10.7554/eLife.21697.034Author response image 2.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.034](10.7554/eLife.21697.034)

We also confirmed that the expression and localization of γ-H2AX, a marker of DNA double- strand breaks and general genomic damage, were the same in wild type and Dnmt3a-cKO tumors.

We took advantage of the high quality of our RNA-sequencing to start to understand if loss of Dnmt3a alters the mutational landscape in skin tumors. We obtained between 70-110 million reads per tumor; moreover, the reads were 125 nucleotides long, 2.5X more than the conventional 50 nucleotides; and also the sequencing was pair-ended. Importantly, we calculated that each nucleotide was covered in an average depth of 150-250x in each tumor ([Author response image 3](#fig10){ref-type="fig"}).10.7554/eLife.21697.035Author response image 3.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.035](10.7554/eLife.21697.035)

These technical details gave us the possibility to analyze our samples using the GATK software (developed at the Broad Institute), which allows detecting variants, such as SNPs and other kinds of mutations using RNA-seq samples (Graw et al., 2015). As mentioned above, we are aware that whole exome/genome sequencing is the gold standard method to study mutations, but previous works have demonstrated that good quality and deep RNA- sequencing data can also be used with some confidence to identify exome variants (Piskol et al., 2013; Graw et al., 2015). Applying this method, we observed that Dnmt3a-cKO tumors showed a slight increase in the total number of mutations; however, this difference did not reach statistical significance ([Author response image 4](#fig11){ref-type="fig"})10.7554/eLife.21697.036Author response image 4.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.036](10.7554/eLife.21697.036)

We next tried to determine whether there were any differences in the types of mutations among the four bases, between wild type and Dnmt3-cKO tumors. As expected from previous works studying DMBA/TPA-induced tumors, the highest rate of mutations occurred on Thymine (Nassar et al., 2015). Interestingly, this analysis revealed that Dnmt3a-cKO tumors harbored a higher percentage of Cytosine to Thymine mutations compared to wild type tumors ([Author response image 5](#fig12){ref-type="fig"})10.7554/eLife.21697.037Author response image 5.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.037](10.7554/eLife.21697.037)

Although we do not know at the moment whether this change has any influence on the differences in the timing and number of tumors that Dnmt3a-cKO mice develop, we believe there might be a mechanistic explanation for it. Cytosine is one of the most-unstable bases, as it often spontaneously deaminates into Uracil (Gallinari et al., 1996). 5-methylcytosine also undergoes deamination, even more often than the native form, but instead it naturally mutates into Thymine instead of Uracil. In mammals Thymine-DNA glycosylase (TDG) is the enzyme primarily responsible for repairing the spontaneous deamination of 5-MethylCytosine, as part of the Base Excision Repair (BER) mechanism. TDG recognizes the 5mC\>T mutation, excises the damaged base, and subsequently initiates the process to restore the native Cytosine (Jacobs et al., 2012). Interestingly, TDG interacts with many factors such as CBP/p300, ERα, but most importantly, with Dnmt3a (Li et al., 2006). In fact, the interaction with Dnmt3a positively regulates the glycosylase activity of TDG. Recent works have underscored the strong relationship between the DNA methylation machinery and the enzymatic activity of TDG (Cortellino et al., 2012; Dalton et al., 2013; Shen et al., 2013; Muller et al., 2014). Thus, altogether we believe that the depletion of Dnmt3a leads to an impairment of the activity of TDG glycosylase, resulting in the defective repair of 5mC\>T mutations.

Although exome sequencing of Dnmt3a-cKO HSCs and leukemias has been published, the raw data is not available (or we have not been able to find it). Thus, unfortunately, we have not been able to compare our data with theirs to determine whether this difference in C-T mutations is generally associated to the loss of Dnmt3a (Mayle et al., 2015; Celik et al., 2015). In any case, and to conclude, we therefore believe that loss of Dnmt3a does affect the mutational landscape of DMBA/TPA-driven tumors. However, studying if and how these differences impact tumorigenesis is turning out to be very complex and is part of a large separate study in our lab (as mentioned above); hence, we believe that addressing this issue is beyond the scope of this current study.

4\) The authors argue that Dnmt3a selectively affects tumor initiation rather than tumor progression. These claims are questionable. Tumor initiation, which is difficult to study, refers to the first oncogenic conversion of a normal cell. In this study, the authors make these claims based on the macroscopic detection of tumors which could entirely depend on an effect on tumor progression. DMBA causes h-ras mutations and such tumors are highly sensitive to the presence of h-ras, indicating that this is the key initiation mechanism in the DMBA/TPA model. Did the authors observe an increase in h-ras mutations after DMBA application? Did the authors observe a difference in the repair of such mutations?

These are very interesting questions and issues. Regarding the concept of tumor initiation versus tumor progression, we referred to differences in tumor initiation as the difference in the number of tumors that grow (or initiate) in Dnmt3a-cKO mice compared to wild type mice. On the other hand, we used the term progression to describe the transition from a benign lesion to a carcinoma. We believe these definitions are commonly accepted in the cancer field. According to these definitions, although Dnmt3a-cKO mice develop/initiate more tumors, they show the same proportion of benign and malignant lesions. Hence, loss of Dnmt3a does not favor this malignant conversion (progression) of squamous neoplasias.

However, as the reviewers point out, Dnmt3a-cKO mice might develop (or initiate) more tumors due to an increase in the percentage of cells mutated in Ras. In order to determine this, we would need to perform whole-exome sequencing of sorted epithelial tumor cells from a reasonably large cohort of wild type and KO tumors (for our other ongoing studies on the influence of chromatin on mutations we are sequencing at least 20 tumors per genotype). However, using the RNA-seq data included in the manuscript, and applying the GATK software described above, we could analyze mutations in HRAS and NRAS genes. As expected, we found mutations in HRAS and NRAS in wild type and Dnmt3a-cKO tumor cells. However, and being aware that the number of samples sequenced precludes reaching definitive conclusions, the percentage of mutations in H-RAS and N-RAS was not increased upon loss of Dnmt3a ([Author response image 6](#fig13){ref-type="fig"}). In addition, the sites of mutations were the same between wild type and KO tumors in HRAS (T \> A mutation), and NRAS (A \>G mutations). Importantly, the HRAS mutations spotted by our analysis in Dnmt3a-cKO mice are precisely the same T\>A mutation resulting in the activating Q61L transition, shown in two recent articles from the Blanpain and Balmain laboratories (Nassar et al., 2015 and McCreery et al., 2015).10.7554/eLife.21697.038Author response image 6.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.038](10.7554/eLife.21697.038)

In conclusion, our results suggest that Dnmt3a-cKO tumors do not contain more, or different, mutations in H-RAS and N-RAS. We therefore think it is unlikely that the shortened latency of tumor appearance, and increased tumor burden of Dnmt3a-cKO mice is due to differences in the mutations in these RAS genes

Are skin tumors caused by activated k-ras also affected by Dnmt3a or is the effect specific to DMBA-induced tumors?

In this manuscript we have only characterized the importance of Dnmt3a in carcinogen (i.e. DMBA)-induced tumors. We believe that addressing whether loss of Dnmt3a differently affects H-Ras- or K-Ras-driven tumorigenesis is very interesting, but beyond the scope of this study. In any case, previous work by the group of Rudolf Jaenisch showed that the deletion of Dnmt3a promotes lung tumor progression using a K-RAS mouse model, suggesting that Dnmt3a acts as a tumor suppressor regardless of which Ras gene is mutated

*In any case, to claim an effect on tumor initiation in epidermal stem cells, the authors would need to study earlier steps in tumorigenesis.*

As mentioned above, we think that our results are compatible with the conclusion that Dnmt3a-cKO mice initiate more tumors earlier than wild type mice. We believe this accurately describes the phenotype. Hence, we are not sure why this conclusion is not considered valid. We are however open to discussing any suggestion to perhaps more accurately describe our results.

Regarding tumor initiation, we believe we have in fact tried to provide some insights into the early steps of tumorigenesis with the short-term treatments of DMBA/TPA (showed in [Figure 4](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). We have shown that the loss of Dnmt3a increases cell proliferation and the expression of lipid metabolism genes early after treatment with DMBA/TPA ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). However, we also show that, once formed, Dnmt3a- cKO tumors do not show increased cell proliferation compared to wild type tumors ([Figure 1](#fig1){ref-type="fig"}). Interestingly, a very similar conclusion has been reached by another work recently published by the laboratory of Margaret Goodell (Yang et al., 2016), where the authors state: "The inability to slow the leukemia by re-expression of DNMT3A suggests that DNMT3A loss is important for leukemia initiation but less so for maintenance".

5\) In the studies ([Figure 3](#fig3){ref-type="fig"}) where the authors isolated alpha6-high cells from WT and Dnmt3a-/- tumors for gene expression studies, it would be important to include images of the histology of each tumor as supplemental information. How did they ensure that all tumors were of the same type? Also, since the Dnmt3a tumors progress much faster, how can the authors rule out that the differences relate to different stages of tumorigenesis rather than different genotypes?

We have now included the histology for each tumor analyzed for gene expression as the new [Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}. It is important to note that our mouse pathologist (Neus Prats, who is an author in the manuscript) performed the histological characterization of each tumor in a blind manner. In addition, we have now included the measurements of the time difference between tumor appearance and tumor collection for each mouse, showing the Dnmt3a-cKO tumors, although appearing before, do not progress faster than wild type tumors (new [Figure 3---figure supplement 4C](#fig3s4){ref-type="fig"}). The animals were sacrificed for humane reasons when the biggest tumor reached 1.5cm (as described into the methods section), but the average time between tumor appearance and this endpoint was the same between wild type and Dnmt3a-cKO tumors.

6\) The findings of increased PPAR-γ and linked genes suggest the possibility that the authors may be detecting differentiation along the sebaceous lineage in these tumors. This is actually supported by the data indicating that a higher proportion of such tumors are found in the Dnmt3a ko mice. Again, having overview images of each of the tumors with staining for sebaceous markers would be helpful to rule this possibility out.

We agree this was an important issue that we should have clarified better in our first version of the manuscript. First, our mouse pathologist did not score any of the tumors used for RNA- seq (or any subsequent analysis) as a sebaceous adenoma. We have also now included in the new [Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}, the results of the immunofluorescence staining for the sebaceous gland marker Adipophilin (ADFP), for each of the sequenced tumors. We did not observe any protein expression of ADFP in any of the 12 tumors sent for sequencing. Accordingly, ADFP was not differentially expressed at the mRNA level in Dnmt3a-cKO tumors compared to wild type lesions based on our RNA-seq analysis. As a positive control, we stained for ADFP in a sebaceous adenoma, which was not sent for sequencing. We would also like to note that sebaceous adenomas are generally small and quite different macroscopically from squamous cell carcinomas, so we could easily discriminate them when collecting the tumors for FACS sorting and subsequent analyses.

At last, we have also included in the new [Figure 3---figure supplement 4](#fig3s4){ref-type="fig"} the expression analysis of PPAR-γ by immunofluorescence in all the 12 sequenced tumors that our pathologist scored as squamous cell carcinomas. We observed that PPAR-γ is consistently higher in all the 8 Dnmt3a KO tumors compared to the 4 wild type tumors, both at the RNA level (measured by RNA-seq) and also at the protein level. In addition, PPAR-γ is increased, upon Dnmt3a deletion, in the interfollicular epidermis after the short term DMBA/TPA treatment previous to any tumor formation, suggesting that the PPAR-γ is an early event not associated to a general sebocyte differentiation.

In conclusion, we believe we now provide new conclusive data indicating that deletion of Dnmt3a results in a stronger expression of lipid metabolism genes prior to tumor initiation, that persists in squamous cell carcinomas.

7\) The characterization of apoptosis and link to Dnmt3a should be improved. Does Dnmt3a act after DNA damage and increase the number of cells undergoing apoptosis following DMBA? The authors should check for active caspase 3 after DMBA and show more convincing Tunel staining. The Tunel staining data (now as [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}) should be quantified with statistics, and also it would be important to make sure that the same types of tumors are compared across genotypes.

To properly quantify the changes in apoptosis in the Dnmt3a-cKO mice, we have stained and quantified, in all the sequenced tumors, for TUNEL and active Caspase-3. The results show a statistically significant decrease of apoptosis in Dnmt3a-cKO tumors compared to wild type lesions. These results are now included in the new [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}.

*8) The initiation of hair wave domains after hair removal in second anagen is highly variable and 6 mice (as in [Figure 1A](#fig1){ref-type="fig"}) is probably not sufficient to conclude that there is a difference between genotypes. Perhaps smaller domains were initiated and missed. When did the WT mice exhibit anagen patches? Plotting the time of first anagen patch might be more convincing (also this is not a major point in the paper).*

We agree with the reviewers that is not a major point of our work, and that perhaps we need to study this phenotype in more detail and with more mice. Therefore, we have decided to remove these results from the manuscript.

9\) The differences in gene expression reported in [Figure 6C](#fig6){ref-type="fig"} may be significant because of the high number of genes included in the comparison, but these differences are very small and not likely to be biologically important. Also, the differences in DNA methylation reported in [Figure 6A](#fig6){ref-type="fig"} are very small.

We respectfully disagree that the differences we show might not be biologically relevant. The changes in gene expression that occur upon deletion of Dnmt3a do in fact have a strong biological consequence regarding the timing and number of tumors that mice develop upon DMBA/TPA treatment. However, we would like to point out that the main reason we performed these analyses was to determine whether binding of Dnmt3a to promoters affected in any way the expression of the bound genes. In order to better show this, we have divided the Dnmt3a-target genes (as determined by our ChIP-seq data) based on binding strength; that is, we have separated them into the top 10%, 20%, 50% genes whose promoters are most strongly bound by Dnmt3a. Interestingly, the top 10-20% genes most strongly bound by Dnmt3a showed a stronger upregulation in their mRNA expression upon deletion of Dnmt3a compared to the top 50% of genes bound by Dnmt3a, or to all bound genes ([Author response image 7](#fig14){ref-type="fig"}). We believe these results therefore indicate that binding of Dnmt3a to promoters, correlates mostly with a downregulation of the expression of those target genes. Upon deletion of Dnmt3a, the average expression of those genes increases.10.7554/eLife.21697.039Author response image 7.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.039](10.7554/eLife.21697.039)

We also believe that the new data we have added showing that inhibition of PPAR-γ partially prevents the positive effects of the deletion of Dnmt3a over tumorigenesis in fact indicates that the differences in gene expression that we have observed are biologically relevant.

10\) In the title and throughout the manuscript the authors refer to the study of epidermal stem cells. Cultured human keratinocytes under low calcium conditions cannot be accurately referred to as \"stem cells\". Furthermore, the stem cells within epidermal tumors would need to be studied in more detail to substantiate the claim that epidermal stem cells are particularly affected by Dnmt function. In [Figure 4](#fig4){ref-type="fig"} alpha6+/CD34 is used as marker of interfollicular epithelial cells, which likely includes non-stem hair follicle keratinocytes.

We initially described the phenotype as a stem cell based one because of previous works by the groups of Cedric Blanpain (Lgr5-Cre, *Sox2*-Cre, K14-Cre), Roel Nusse (Axin-Cre), Elaine Fuchs (Lgr5-Cre, K14-Cre) and Valentina Greco (Keratin15-Cre, Lgr5-Cre), that strongly suggest that squamous tumors arise from different stem cells within the keratinocyte compartment of the skin. However, it is also true that the definition of mouse IFE stem cells is still under debate within the stem cell field. In addition, extensive work by the group of Fiona Watt has shown that squamous tumors can also arise from involucrin positive IFE cells, which are not stem cells. We therefore agree that using our current mouse models we have no way of discriminating between these possibilities (i.e. stem cell, progenitor cell, or differentiated cell origin). Hence, we have changed the title to the following one that we think more accurately describes our findings: ¨Loss of Dnmt3a and Dnmt3b does not affect epidermal homeostasis but promotes squamous transformation through PPAR-γ¨

11\) The characterization of epidermal differentiation should be performed more carefully. Are the suprabasal epidermal layers normal in these mouse mutants? If deletion of Dnmt3a and Dnmt3b singly or in combination has little effect on epidermal differentiation during development, and epidermal homeostasis, indicating that these enzymes are dispensable for adult epidermal stem cell function, this finding would be an important one to emphasize in the manuscript. The findings in the current study are much more plausible and in line with previous studies suggesting that reversible DNA methylation does not seem to have a prominent role in gene regulation in normal tissues (it has clear roles in irreversible silencing such as imprinting, X-inactivation, transposon silencing, irreversible promoter silencing, but a role in re gene regulation has been difficult to demonstrate outside cell culture; see for example Bestor et al., PNAS 2015). There is very little data supporting the idea that methylation and demethylation are important regulators of cellular differentiation during embryonic development; the current manuscript is consistent with this view and contradicts the authors\' recently published study. The authors need to discuss the divergence in their two studies more clearly and mention this key finding in the Abstract.

We agree that this is an important point. We have now added the following in the Discussion section: "Our results indicate that Dnmt3a drives the DNA-methylation, and subsequent hydroxymethylation, of a subset of enhancers that regulate the expression of genes involved differentiation. \[...\] Notwithstanding the differences between in vivo and ex vivo studies, our results show that the genomic localization of Dnmt3a is very similar between intact murine keratinocytes and cultured human keratinocytes."

In order to verify this, we have performed a comparative clonogenic assay of cells isolated from the bulge and the IFE of wild type and Dnmt3a-cKO mice. As it can be observed in [Author response image 8](#fig15){ref-type="fig"}, Dnmt3a-cKO keratinocytes (irrespective of whether they come from the bulge or the basal IFE) show a significantly impaired clonogenic potential, just as we had previously reported in Rinaldi et al., for Dnmt3a-depleted primary human keratinocytes. Hence we believe that deletion of Dnmt3a renders primary basal keratinocytes more sensitive to situations of stress.10.7554/eLife.21697.040Author response image 8.**DOI:** [http://dx.doi.org/10.7554/eLife.21697.040](10.7554/eLife.21697.040)

However, we would like to point out that previous work from the laboratory of Margaret Goodell has shown that deletion of Dnmt3a does result in changes in gene expression in adult murine hematopoietic cells. It is true that these differences result in mild differentiation phenotypes (that are mostly apparent when HSCs are serially transplanted into irradiated mice). But it is equally true that these mice end up developing leukemia, which is a clear alteration of tissue homeostasis (a phenotype that is exacerbated upon the combined deletion of Dnmt3a and Dnmt3b). Hence, we think that the statement: "...that reversible DNA methylation does not seem to have a prominent role in gene regulation in normal tissues (it has clear roles in irreversible silencing such as imprinting, X-inactivation, transposon silencing, irreversible promoter silencing, but a role in re gene regulation has been difficult to demonstrate outside cell culture"; is perhaps too strong, and that more in depth studies are needed to determine the exact role of these proteins, and importantly of DNA methylation, in the differentiation of different tissues. For instance we do not know if Dnmt3a and Dnmt3b compensate each other upon conditional deletion in tissues during embryonic development. Would their inducible deletion during adulthood result in the same phenotype? Perhaps the recently identified Dnmt3c, although specific to germ cells, could also compensate for the combined loss of Dnmt3a and Dnmt3b in somatic tissues. In addition, our results suggest that Dnmt1 is capable by itself to maintain some degree of DNA methylation in the long term in the absence of Dnmt3a and Dnmt3b. In fact, our manuscript contains some evidence supporting this last point. With our K14-Cre line, we have deleted Dnmt3a and Dnmt3b in the embryonic epidermis approximately at E13.5. However, when we looked at DNA methylation in old mice (over 70 weeks of age) with the combined deletion of Dnmt3a/Dnmt3b, we could still see some residual methylation present ([Figure 2---figure supplement 4B](#fig2s4){ref-type="fig"}). Hence, we would like to avoid concluding that DNA methylation/demethylation is completely dispensable for epidermal homeostasis, since with our KO models we have not completely eliminated DNA methylation from the epidermis.
